The KiSS-1 gene encodes kisspeptin, the endogenous ligand of the G-protein-coupled receptor GPR54 [1] [2] [3] [4] . Recent data indicate that the KiSS-1/GPR54 system is critical for the regulation of reproduction and is required for puberty onset [5] [6] [7] [8] [9] [10] . In seasonal breeders, reproduction is tightly controlled by photoperiod (i.e., day length) [11, 12] . The Syrian hamster is a seasonal model in which reproductive activity is promoted by long summer days (LD) and inhibited by short winter days (SD) [12] [13] [14] . Using in situ hybridization and immunohistochemistry, we show that KiSS-1 is expressed in the arcuate nucleus of LD hamsters. Importantly, the KiSS-1 mRNA level was lower in SD animals but not in SD-refractory animals, which spontaneously reactivated their sexual activity after several months in SD. These changes of expression are not secondary to the photoperiodic variations of gonadal steroids. In contrast, melatonin appears to be necessary for these seasonal changes because pineal-gland ablation prevented the SD-induced downregulation of KiSS-1 expression. Remarkably, a chronic administration of kisspeptin-10 restored the testicular activity of SD hamsters despite persisting photoinhibitory conditions. Overall, these findings are consistent with a role of KiSS-1/GPR54 in the seasonal control of reproduction. We propose that photoperiod, via melatonin, modulates KiSS-1 signaling to drive the reproductive axis.
Results and Discussion
Photoperiodic Changes in KiSS-1 Expression Recent studies have revealed that the KiSS-1/GPR54 system is a key regulator of the reproductive system [5, 10] . Kisspeptin has been shown to represent the most potent activator of the hypothalamic-pituitarygonadal (HPG) axis [5, 10, 15, 16] , and dysfunction of GPR54 causes infertility and the absence of pubertal development [6] [7] [8] [9] . Via GPR54, kisspeptin activates gonadotropin-releasing hormone (GnRH) neurons, which induce sustained GnRH release and downstream gonadotropins secretion [5, 10, 15] . We thought to investigate the KiSS-1/GPR54 system in a physiological model of disrupted HPG activity. For the vast majority of temperate-zone animals, reproductive activity is tightly controlled and restricted to a specific time of the year [11] , and several lines of evidence suggest that the seasonal modulation of breeding could also be influenced by the KiSS-1/GPR54 system [17] . We used the Syrian hamster (Mesocricetus auratus), a rodent model in which reproduction is timed by the annual changes in photoperiod [12] [13] [14] , to look for a potential role of the KiSS-1/ GPR54 system in seasonal breeding.
Using in situ hybridization, we saw that KiSS-1 mRNA is present in the arcuate nucleus (ARC-a subdivision of the mediobasal hypothalamus [MBH]) ( Figure 1A ) of adult sexually active hamsters raised in a long-day photoperiod (LD; 14 hr of light per day). This observation is consistent with reports in other species [16, [18] [19] [20] . Apart from the ARC, some studies have reported KiSS-1 expression within the anteroventral periventricular nucleus [18, 21] , but in the present work, no clear signal could be distinguished from the background in this region. We next examined whether KiSS-1 expression in the ARC is influenced by the ambient photoperiod. Adult hamsters were placed in short-day photoperiod (SD; 10 hr of light per day), a condition known to induce a dramatic inhibition of reproductive activity within 8 to 10 weeks, as manifested by a decrease in serum luteinizing hormone (LH), follicle-stimulating hormone (FSH), prolactin, and testosterone and by testicular regression [12] [13] [14] . After 10 weeks of SD, the hamsters became sexually quiescent, as indicated by the reduction of testicular weight ( Figure 1B) , and we observed that KiSS-1 expression was significantly decreased in the ARC of those animals ( Figures 1A and 1B) . This experiment was repeated on two additional sets of animals with the same results.
When SD exposure is prolonged over 20 to 30 weeks, hamsters are known to become refractory to the inhibitory effects of short day lengths (SD-R). A complete recrudescence of the reproductive system occurs spontaneously, and only prolonged exposure to LD conditions thereafter can resensitize the reproductive neuroendocrine system to SD conditions [12] . Thus, we examined whether this sexual reactivation is correlated with changes in KiSS-1 expression. Hamsters left for 28 weeks in SD conditions underwent gonadal reactivation ( Figure 1C ), and KiSS-1 expression levels in the ARC were comparable to those of LD animals ( Figures 1A  and 1C ). This suggests that the escape of the HPG axis from photoperiod control and the subsequent ''switch'' of reproductive state occur via KiSS-1.
Whether the photoperiodic changes in KiSS-1 expression are translated at the peptide level remained to be established. This issue was addressed by kisspeptinimmunohistochemical staining on LD and SD hamster brains. Kisspeptin is endogenously synthesized as a 145 amino acid propeptide that is processed in fragments of 54 (metastin), 14, 13, or 10 amino acids sharing a common C-terminal decapeptide with an RFamide structure [5] . We used a previously characterized antiserum [22] specific for the highly conserved 10 amino acid amidated peptide (Kp10) common to rodent kisspeptin isoforms. Kisspeptin-immunoreactive (kisspeptin-ir) cell bodies were located in the ARC ( Figure 1D) , and there was a reduced number of kisspeptin-ir cells in the ARC of sexually quiescent SD hamsters compared with active LD animals ( Figure 1D ). Previous data obtained in rats with an anti-human Kp10 antiserum have been confusing in that Kisspeptin-ir cells were detected in the dorsomedial hypothalamus, a region different from those reported to express KiSS-1 mRNA [23] . This is presumably due to nonspecific binding of the antiserum. In hamsters (present study) as well as in rats (J.D.M., F.G.R., P.K., P.P., and V.S., unpublished data), we did not detect kisspeptin-ir cells in the dorsomedial hypothalamus when we used the antiserum specific for mouse Kp10. This is the first report in which both KiSS-1 mRNA and peptide product are examined. The correspondence between the two confirms unambiguously that within the MBH, KiSS-1 is expressed only in the ARC. Altogether, these data demonstrate that KiSS-1 expression in the ARC is modulated by photoperiod, with lower levels when reproduction is halted.
Modulation of KiSS-1 Expression
Central KiSS-1 expression is known to be influenced by various signals, the foremost being the gonadal sex steroids [16, 24] . In the ARC, gonadal hormones inhibit KiSS-1 expression [21] , and a clear variation of hypothalamic KiSS-1 mRNA level occurs throughout the estrus cycle [19, 24] . Hamsters exposed to SD for several weeks undergo sexual inactivation, with a profound loss of testicular weight and activity ( Figure 1B ) [12] . Therefore, we wondered whether the resulting fall in circulating sex steroids could be responsible for the downregulation of KiSS-1 expression in SD hamsters. Hamsters rendered sexually inactive by 8 weeks of SD were implanted with testosterone capsules to restore high-circulating levels of sex steroids ( Figure 2A ). After 4 weeks of treatment, in situ hybridization revealed that the low level of KiSS-1 expression was not significantly changed by the testosterone treatment ( Figure 2A ) and remained comparable to that of hamsters having a blank capsule. Obviously, the SD-induced downregulation of KiSS-1 expression is not a direct consequence of the drop in circulating gonadal steroids.
In rats and mice, castration induces KiSS-1 overexpression in the ARC [16, 21, 24] . In male LD hamsters, we also observed that gonadectomy significantly increased the expression of KiSS-1 in the ARC when these hamsters were compared with intact controls (Figure 2B) . Similarly, when SD-R hamsters were castrated, KiSS-1 mRNA levels were augmented to levels comparable to those of castrated LD animals ( Figure 2B ), suggesting that the sensitivity of KiSS-1 neurons to sex steroids also reverted back to the LD state. Overall, these data indicate that reduced KiSS-1 expression in SD hamsters was not a primary consequence of the drop in circulating testosterone. Indeed, as in other species, KiSS-1 expression in the ARC is negatively regulated by gonadal steroids. These data suggest that the sensitivity of KiSS-1 to gonadal steroids changes with photoperiod.
In mammals, ambient photoperiod is transduced by a photoneuroendocrine system composed of the retina, the suprachiasmatic nucleus, and the pineal gland [12, 14, 25] . The last of these releases the hormone melatonin exclusively at night so that the duration of secretion varies according to day length and provides an endocrine representation of photoperiod [12, 26] . For years, the seasonal regulation of breeding in mammals has been known to be mediated by melatonin, but the mechanisms by which this hormone impacts the HPG axis have remained poorly understood [12, 25] . It is well established that melatonin modulates reproduction by regulating GnRH secretion, and the available data indicate that melatonin does not act directly on GnRH neurons [25] . Instead, the MBH has been proposed as the site for melatonin action on reproduction [12, 25, [27] [28] [29] , which is compatible with the localization of KiSS-1 expression [18, 19, 21, 23] .
In hamsters, suppression of melatonin through ablation of the pineal gland renders the animals ''blind'' to photoperiod so that exposure to SD is no longer able to inhibit sexual activity [12, 25] . Therefore, we thought to determine whether the downregulation of KiSS-1 expression in SD hamsters is mediated by melatonin. Hamsters were pinealectomized (Pin-X) prior to transfer to SD conditions. After 10 weeks, these animals did not undergo sexual inactivation ( Figure 2C ) in contrast to sham-operated animals (Pin-sham). Notably, Pin-X hamsters failed to show a SD-induced decrease in KiSS-1 mRNA levels in the ARC relative to sham-operated control animals ( Figure 2C ). This difference was of similar magnitude to that seen between intact LD and SD hamsters ( Figure 1B ). This result strongly suggests that melatonin mediates the SD-induced downregulation of KiSS-1 expression in Syrian hamsters.
Administration of Kisspeptin to SD Hamsters
The findings that photoperiod modulates KiSS-1 expression strongly suggest that kisspeptin relays photoperiodic information to the HPG axis. In other words, the inhibition of reproductive activity occurring in SD conditions may be a consequence of reduced kisspeptin signaling. We tested whether a chronic administration of Figure 2 . Modulation of KiSS-1 Expression in the ARC of Syrian Hamsters (A) KiSS-1 expression was not modified in SD Syrian hamsters implanted with a testosterone-filled (SD-testo) silastic capsule when these animals were compared to those receiving a blank capsule (SD-blank). Mean 6 SEM (n = 5 per group). *, p > 0.05 in comparison with SD-blank by the Student's t test. Hamsters remained in SD during the 4 weeks of treatments. The plasma-testosterone concentrations sampled on the day of sacrifice were assayed and are plotted in parallel. Mean 6 SEM. *, p < 0.05 in comparison with SD-blank by the Student's t test. (B) In LD hamsters, castration (LD-castrated) upregulated KiSS-1 expression in the ARC relative to intact animals (LD-intact; n = 6 per group). Similarly, castrated SD-R hamsters (SD-R-castrated; n = 4) had greater KiSS-1 expression than sham-operated SD-R animals (SD-R-intact; n = 2). Animals were sacrificed 4 weeks after gonadectomy. Mean 6 SEM. Bars with differing letters differ significantly (p < 0.05 by 2-way ANOVA followed by Tukey's analysis). a.u. represents an arbitrary unit. (C) Both SD-induced gonadal atrophy and reduction in KiSS-1 expression were prevented by ablating the pineal gland of Syrian hamsters compared with sham-operated animals (Pin-sham). Mean 6 SEM (n = 6 per group). *, p < 0.05 compared with SD-sham by the Student's t test. a.u. represents an arbitrary unit.
kisspeptin to photoinhibited hamsters could restore reproductive activity despite the maintenance of SD conditions. We used Kp10 in our study because in vitro, all kisspeptin isoforms bind GPR54 with a similar affinity and efficacy [2] , and in vivo, Kp10 and Kp54 are equally potent in eliciting LH release when injected intracerebroventricularly (ICV) [18] . Syrian hamsters were placed in SD conditions for 8 weeks, except for a group of animals that remained in LD conditions for the entire experiment. After testicular regression was verified by scrotal palpation, the photoinhibited animals were divided into four groups: SD-aCSF, SD-Kp10, SD-control, and LD-back. The animals of the SD-aCSF and SD-Kp10 groups were implanted subcutaneously with an osmotic minipump (0.25 ml/hr) connected to a cannula implanted into the right lateral ventricle and filled with artificial cerebrospinal fluid (aCSF) alone or with aCSF + Kp10 (1 mM mouse Kp10), respectively. The SD-control, SDaCSF, and SD-Kp10 groups were left in SD condition, whereas the animals of the LD-back group were transferred back to LD conditions. After 4 weeks of treatment, testes weight and plasma testosterone levels were both reduced in SD-control and SD-aCSF animals ( Figure 3 ). They were clearly lower than in LD-control hamsters and were not significantly different from each other, indicating that the surgery did not influence sexual status. In contrast, hamsters receiving a chronic administration of kisspeptin-10 (SD-Kp10) underwent testicular reactivation ( Figure 3 ). This reactivation was of similar magnitude to that observed in animals placed back in LD conditions on the day of surgery (LD-back group). We did not detect any effect of Kp10 treatment on body weight (SD-Kp10 versus SD-aCSF; data not shown). This experiment was repeated once with similar results. Thus, chronically administered Kp10 was sufficient to restore testicular activity in photoinhibited hamsters despite persisting inhibitory SD conditions. We believe this effect was specific for GPR54 because in mice deficient for GPR54, Kp10 is unable to trigger gonadotropin release [15] . Kp10-induced testicular reactivation is presumably mediated by gonadotropin secretion via increased GnRH release [5, 10, 15, 16] . It is unlikely that ICV administered Kp10 reaches the systemic circulation to exert a direct testicular action, as supported by our data obtained in mice in which kisspeptin-induced testosterone release is blocked in the presence of the GnRH receptor antagonist acyline (unpublished data). Interestingly, our data from chronic Kp10 administration to hamsters contrast with the situation in monkeys, in which continuous intravenous Kp10 administration appears to result in desensitization of GPR54 and LH response [30] . This contradiction may result from differences of species and reproductive and developmental status (adult, sexually quiescent hamsters versus juvenile monkeys), route of Kp10 administration (central versus peripheral), and dose (w10 times lower in our study). Kp10 administered intracerebroventricularly and intravenously may induce gonadotropin release by acting on different targets [31] , which may possess different characteristics. Investigating the specific targets responding to kisspeptin and dissecting their respective function will now represent an essential step for understanding kisspeptin physiological roles.
KiSS-1 Neurons in the ARC: ''Neuroprocessors'' for the Seasonal Control of Reproduction? Our finding demonstrates that kisspeptin is involved in the photoperiodic control of reproduction in hamsters and suggest that a loss of kisspeptin signaling in SD conditions may be at the origin of the HPG dormancy. Although these data do not exclude that other systems, including inhibitory pathways [25, 32] , may take part in the seasonal control of reproduction, they provide strong arguments to assign a central position to KiSS-1 and GPR54 in the seasonal control of reproduction by melatonin (Figure 4) .
It has been hypothesized that in SD conditions, reproductive quiescence may result from two complementary mechanisms controlled by melatonin [25] : (1) a direct, sex-steroid-independent modulation of GnRH secretion and (2) a change in steroid negative feedback on GnRH secretion. Our data are fully compatible with these two complementary modes of regulation: (1) Melatonin may inhibit, directly or indirectly, KiSS-1 expression, and (2) melatonin may alter and reinforce the negativefeedback effect of sex steroids on KiSS-1 expression in the ARC (Figure 4) . Whether melatonin has a direct action on KiSS-1 neurons or uses interneurons as relays should be determined by future studies.
Additional experiments should also determine whether the present findings apply to other seasonal species. In the laboratory Wistar rat, a species in which reproduction is not influenced by photoperiod [11] , we Four groups of animals (n = 8 per group) were placed in SD conditions for 8 weeks after which gonadal atrophy was verified by scrotal palpation. Animals were implanted with an intracerebroventricular cannula linked to an osmotic minipumps (flow rate: 0.25 ml/hr) filled with either aCSF (SD-aCSF) or aCSF + Kisspeptin-10 (SD-Kp10; concentration: 1 mM) and were returned to SD conditions. A control group was not operated and left in SD (SD-control), whereas a group was transferred back to LD conditions on the day of surgery (LDback). After 4 weeks of treatment, weighing the testes and dosing plasma testosterone allowed the level of reproductive activity to be monitored. A fifth group of hamsters was left in LD (LD-control; n = 6) for the whole experiment (12 weeks) for comparison. Administering Kp10 for one month to SD hamsters was sufficient to restore testicular activity despite persisting photoinhibitory conditions. This treatment was equivalent to transferring animals back into photostimulatory conditions. Data represent the mean 6 SEM for paired testes weight and plasma testosterone. Bars with differing letters differ significantly (p < 0.05 by one-way ANOVA followed by Tukey's analysis).
observed that KiSS-1 fails to show any photoperiodic change of expression in the ARC (data not shown). It is tempting to speculate that only in seasonal species is day length able to influence kisspeptin signaling. We believe that the connection of KiSS-1/GPR54 to seasonal reproduction will raise attractive perspectives in identifying differences between seasonal and nonseasonal breeders [11] . Finally, establishing functional links with other photoperiodic genes recently identified in the MBH [33] [34] [35] may help to elucidate the basis for seasonal breeding.
Recently, it has been proposed that KiSS-1 may be involved in the control of puberty [20, 36] , and it has been shown that kisspeptin injections advance puberty onset in rats [36] . Furthermore, puberty is well known to depend on sufficient energy stores, and recent evidence indicates that energy status impacts reproductive activity via KiSS-1 [37, 38] . Interestingly, in many seasonal species the rate of development is modulated by photoperiod which affects both the growth trajectory and the attainment of puberty [39, 40] . One can speculate that in seasonal breeders, the KiSS-1/GPR54 system may play integrative roles for the control of reproduction and puberty onset and may have the capacity to decode information about photoperiod, body energy stores, and possibly other factors (Figure 4) [10, 17] .
Conclusions
We report that KiSS-1 is expressed in the ARC of a seasonal rodent, the Syrian hamster. KiSS-1 expression is modulated by the ambient photoperiod via melatonin. Furthermore, Kp10-ICV infusions to photoinhibited hamsters for one month were sufficient to reestablish testicular activity, suggesting that low kisspeptin levels in SD may account for the arrest of reproduction. Overall, these data establish the unprecedented role of KiSS-1 and GPR54 in the seasonal physiology of the reproductive axis. These findings not only raise exciting perspectives for the understanding of seasonal breeding but also provide a valuable model for further exploration of the roles of KiSS-1 and GPR54 in reproductive biology. The KiSS-1 gene product, kisspeptin, stimulates the hypothalamopituitary-gonadal (HPG) axis via the GPR54 receptor. The activation of the KiSS-1/GPR54 system is presumably required for initiation and maintenance of reproductive activity at puberty and in the adult. In the arcuate nucleus, KiSS-1 expression is negatively regulated by sex hormones. Body energy stores, and possibly other factors, also regulate KiSS-1 expression and signaling. We propose that in seasonal breeders, the pineal melatonin rhythm controlled by photoperiod alters KiSS-1 expression and signaling to modify reproductive activity. In the Syrian hamster, we have shown that KiSS-1 expression is negatively regulated by melatonin, and this regulation may occur via two complementary mechanisms: (1) a change in the sensitivity of KiSS-1 to the feedback action of sex steroids or (2) an action on KiSS-1 expression (directly on KiSS-1 neurons or indirectly via relays; question mark), or both. (+) and (2) represent positive and negative regulation, respectively.
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